In contrast to previous radiocarbon measurement lists, this list contains only known-age samples, most of which formed during the past ten years. The measurements were made largely in order to gain an understanding of the distribution of radiocarbon within the dynamic carbon reservoir both today and at times in the past. Since all materials forming in this reservoir today do not have the same C14/C12 ratio, such an understanding is necessary in order to arrive at the most accurate possible estimate of the age of samples submitted for dating. This is particularly important when high accuracy (i.e., <100 years error) is required on subaerially grown samples and also when attempting to extend the method to samples which formed in reservoirs other than the atmosphere (for example, the ocean and freshwater systems).
In contrast to previous radiocarbon measurement lists, this list contains only known-age samples, most of which formed during the past ten years. The measurements were made largely in order to gain an understanding of the distribution of radiocarbon within the dynamic carbon reservoir both today and at times in the past. Since all materials forming in this reservoir today do not have the same C14/C12 ratio, such an understanding is necessary in order to arrive at the most accurate possible estimate of the age of samples submitted for dating. This is particularly important when high accuracy (i.e., <100 years error) is required on subaerially grown samples and also when attempting to extend the method to samples which formed in reservoirs other than the atmosphere (for example, the ocean and freshwater systems).
The data in this list are not reported with the idea of drawing new conclusions, for such conclusions as are possible have been reported elsewhere. However, republication in such a list as this has the following advantages: (1) if all laboratories summarize their measurements in this manner, the world data on C14/C12 ratios in contemporary materials will be brought together in one place, in the same form, and in the same system of units; (2) by referencing the technical articles in which the data are discussed, the lists will act as a bibliography for such literature; (3) the summaries will be transferred directly to the punch cards published by Radiocarbon Dates Association, Inc., allowing a more complete and uniform coverage of the available data; and (4) such lists encourage the publication of isolated measurements which might otherwise remain in the files of individual radiocarbon laboratories.
EXPRESSING NATURAL RADIOCARBON VARIATIONS
In preparing this list the problem of the best way to express natural radiocarbon variations was carefully considered. A preliminary plan was submitted to a number of laboratories for criticism. Although a few investigators felt that the form chosen was too complex to be useful to 'the average geologist or archaeologist, the majority were in favor of the general plan. Numerous suggestions for changes in detail were made, some of these being adopted and some rejected. Even though the system adopted here may not be perfect in the eyes of some investigators, it is hoped that it will be accepted as the standard way of presenting C14 data on contemporary materials. The many advantages of a universal system should far outweigh the differences in opinion as to details of form.
The technical details of the system are given below. Following these is a section on the sources of natural radiocarbon variations, the purpose of which is to demonstrate to the nontechnical reader the advantages of the system and how it may be used.
Y Lamont Geological Observatory Contribution No. 340. Wallace S. Broecker and Edwin A. Olson Ideally a tabulation of absolute radiocarbon measurements would be the best way to illustrate C14/C12 ratio differences among a series of samples. As a consequence of numerous possible systematic errors, however, absolute radiocarbon measurements are exceedingly difficult to make, and so it is more practical to express results as a percentage difference from a universally accepted standard. In this paper, as in most isotopic work, this is (2) where A stands for C14 activity, " denotes sample, and 0 denotes standard.
The purpose of a series of 6C" values calculated by equation (2) is to focus attention on the differences, in hope of understanding the factors which create inhomogeneities in the distribution of C14 throughout the dynamic reservoir.2 Obviously, one possible explanation is simply that different samples have had different periods of C14 decay-that is, they were formed at different times in the past. By use of the standard radioactive decay equation, it is possible to convert measured sample activities to those that existed when the samples formed, thereby eliminating the age effect as a cause of 8014 differences. This will be referred to as age correction and is made by using the following equation:
A Ai e At where A* is the age-corrected sample activity which one uses in equation (2), AM is the measured sample activity, A is the C14 decay constant, and t is the period between sample formation and activity measurement.
In equation (2) nothing specific was said concerning the reference standard. Although its selection is arbitrarily made, there are several requirements a good standard ought to meet:
x Use of this term should not obscure the simple concept it expresses. The statistician who says that John Doe makes 5% less money than the average American is expressing the same concept even though he does not call the figure 5% a 6 term. If he did use the 6 term, it would actually be -50, the minus sign denoting a value below standard and the 10-fold increase expressing per mil instead of percent. All the carbon in the Earth's crust can be considered as divided into two reservoirs. The dynamic reservoir consists of (1) the atmosphere, (2) the oceans and other water bodies, and (3) organic matter either living or undergoing decay. The dormant reservoir consists mainly of deposits of coal and oil, limestone and dolomite beds, and the organic fraction of shales. Within the dynamic reservoir, various mixing processes allow cosmic-ray produced radiocarbon to be distributed to all parts, replacing that lost by radioactive decay. On the other hand, the dormant reservoir, having had no access to fresh radiocarbon for millions of years, has lost by decay any carbon-14 once present. where A'x is the age-corrected oxalic acid C1' activity, Ax is the measured activity,3 and t' is the time between January 1, 1958 and the date of measurement. Since the half-life of radiocarbon (equal to .693/A) is 5570 years, the correction of measured activities to obtain A'0a will be negligible for a number of years, the exact number depending on the sensitivity of an individual laboratory's measuring equipment.
The fourth requirement for a good standard undoubtedly involves the most subjectivity. Nevertheless, if practical aspects were not considered, most radiocarbon workers probably would suggest as a standard their own modern control samples, most of which are woods grown in the 19th century. After age correction the activities of these woods ought to be about the same (i.e., to within 10 per mil). When age-corrected, the Lamont modern control-1890 oak woodhas a C14 activity about 95 percent 'of the N'BS oxalic acid standard (as measured in 1958) . Consequently, it is suggested that A°, the standard activity in equation (2) If in the transfer of a chemical element from one phase to another the istotopic composition of the portion transferred differs from that of its source, isotopic fractionation has occurred during the process. In the case of carbon (which is 98.9 percent C12, 1.1 percent C13, and about 10-10 percent C14) there is a difference in the extent of fractionation among the isotopes, as first pointed out by Craig (1953) . For example, if a wood sample grows with a 20 per mil lower C13/C12 ratio4 than its source, the atmosphere, it will have a 40 per mil lower C14/C12 ratio than the atmosphere. Rafter obtained the (1955) first experimental verification of this difference in natural materials. Normalization, then, is simply an adjustment of a sample's living C14 activity to a level equivalent to the C13/C12 ratio of a hypothetical dynamic reservoir having a uniform composition of the two stable carbon isotopes. Whether the adjustment is up or down depends on whether the sample is poorer or richer in C13 than the hypothetical reservoir.
In this paper all 613 values are based on the belemnite standard of Craig (1957b) . Although this standard is not universally available, Craig has carefully intercalibrated it with C" standards used by other investigators. As yet, no direct intercalibration has been made between the belemnite standard and the NBS oxalic acid, but individual radiocarbon laboratories having mass spectrometers may do so indirectly using one of the other C13 standards.
For laboratories without access to a mass spectrometer, it is suggested that 8C" values for samples he estimated from literature data on samples of similar type (e.g. Craig, 1953) . Such 6C1 estimates, together with the oC'4 values calculated from them, should he denoted by some such scheme as enclosure in parentheses. Errors affixed to such 6C1and .C1' values should reflect the 6C" spread indicated in the literature for a given sample type. Although this 4 In the same manner that 6 C14, defined by equation (2), indicates relative radiocarbon concentrations, so 6 C13 expresses C13/C" variations through the following similar equation (see Craig, 1953) :
where R stands for the ratio C13/C" as measured on the mass spectrometer. It is 6073 which is actually used in normalization; see equation (6) What can be learned from radiocarbon data expressed in terms of OC14 values? The following section is designed to answer that question for those not familiar with the technical aspects of carbon-14 dating. Although the discussion must not be considered as "do-it-yourself instructions" for patching up apparently anomalous radiocarbon dates, it should serve a twofold purpose: (1) to point up certain factors that control the accuracy of radiocarbon dates and (2) to guide archaeologists and geologists in the selection of valuable control samples.
In order to compute a radiocarbon age, the OC14-and thus the initial C14/C1`' ratio-of the material to be dated must be estimated. Normally this is done by measuring OC14 in a similar material formed at a known time and in a similar environment. The accuracy of the age obviously depends on the accuracy of the oC14 estimate. An error of 1 percent in the estimate (10 on the per mil scale) will introduce an error of 80 years in the age of the sample; one of 20 percent (200 per mil) will introduce an error of 1800 years. Obviously, then, it is important to consider what factors are theoretically capable of producing QC14 variations in sample materials and to measure the QC14 values of samples representing different environments and different times in the past.
From the standpoint of precise radiocarbon dating, it would be ideal to find the same QC14 value for all samples regardless of age and growth environment. However, small C14 differences do exist, demonstrating (1) that the Earth's radiocarbon is inhomogeneously distributed at the present time, (2) that the pattern of inhomogeneity may have been different in the part, and (3) that the total amount of terrestrial radiocarbon has perhaps varied significantly in the past. Regardless of which of these three situations is directly involved, there are two ultimate causes of QC14 differences:
1. C14-free carbon transferred from the dormant carbon reservoir and cosmic-ray-produced radiocarbon are not mixed instantaneously throughout the dynamic reservoir.
2. the rates at which these two types of carbon are added have varied with time.
In the following paragraphs several aspects of these two causes are discussed and illustrated with examples from the literature. Arnold and Anderson (1957) , Revelle and Suess (1957) , and Craig (1957a) Worthington's (1954) suggestion of catastrophic overturn in the oceans during particularly cold years.
Recently de has made precise measurements of the C14/C12 ratio in tree rings, the growth dates of which cover the past several hundred years. He found irregular oscillations of about 1 percent on either side of the mean. Furthermore, he showed that these oscillations match climate variations in the manner expected if the oscillations were related to variations in oceanic mixing rates. Again it is clear that if radiocarbon dates are ever to be accurate within less than 100 years, such oscillations must be carefully defined.
Materials formed in freshwater systems also illustrate ZC14 variations produced by finite mixing rates. Here, however, the carbon being added to the dynamic reservoir is free of radiocarbon, being derived from ancient carbonate deposits. If mixing between atmospheric carbon dioxide and the dissolved carbonate were infinitely rapid, the QC14 values of materials forming within freshwater systems would be identical to those of atmospherically derived materials. The data in Sample Descriptions, HI show that whereas this ideal situation is approached in some cases (for example, Walker Lake) the OC14 results for freshwater materials are often very low, a fact first demonstrated by Deevey and others (1954) . Therefore, unless proper control samples are measured along with a given freshwater material to be dated, age errors up to at least 2000 years may result. For a detailed discussion of this problem, the reader is referred to a recent paper by Broecker and Walton (1959) .
The other potential cause of oC14 variations, namely, variable addition rates of both radiocarbon and C14-free carbon, can be demonstrated best by changes produced by man. This is so because presently there is no positive evidence for significant long-term natural variations in addition rates of either variety of carbon (Arnold and Libby, 1949; Munnich and others, 1958; Barker, 1958; Broecker, Olson, and Bird, in press ) . True, the rate of radiocarbon addition undoubtedly varies with observed short-term cosmic ray variations, but as yet nothing is known of any long-term cosmic ray fluctuations. Similarly, the natural transfer of ancient C14-free carbon from the dormant to the dynamic carbon reservoirs is taking place continuously (and probably erratically on a day-to-day basis), but there is no evidence so far to show that the rate is great enough to :significantly affect the radiocarbon dating method.
Recently man has begun to add significant amounts of both C14-free carbon and radiocarbon. The first fact was demonstrated originally by Suess (1955) With the advent of large-scale nuclear bomb testing, the natural method of radiocarbon production has been simulated on a scale large enough to have world-wide effects. In fact, the Suess effect has been more than compensated for, and the QC14 value for newly formed plant material is currently rising at the rate of 20 to 50 per mil each year (see Rafter and Fergusson, 1957; Munnich and Vogel, 1958; press).
Perhaps a natural first reaction to the'Suess and H-bomb effects is to conclude that the radiocarbon dating method will soon be valueless. This certainly is not true, for the addition of C14-free industrial carbon dioxide and H-bomb radiocarbon are recent. After 19th century woods of known age are age-corrected, they provide the required C14 The data reported below were obtained at the Lamont Radiocarbon Laboratory during the past three years using techniques described by Broecker. Tucek, and Olson (in press) ; these involve basically the CO method of de Vries and Barendsen (1953 ) and Fergusson (1955 Craig, 1957b) . In the case of samples for which no C13/C12 ratios were measured, &C13 values are estimated from data on similar materials; these estimated 6013 values (see Craig, 1953) A" -= C'' activity of a sample after age correction.
A" x = A" after normalization (that is, the C14 activity which an agecorrected sample would have if it had the same C'3 concentration as the belemnite Cl standard) . the C"/C" ratio of a sample. the C'3/" ratio of the belemnite standard. k = a constant introduced in order that SC" for 19th century woods will lie close to zero on the scale. This asserts (see Craig, 1953, and Rafter, 1955) that the factor by which 120 Wallace S. Broecker and Edwin A. Olson the isotope C14 is either favored or repressed during fractionation is double the similar factor for isotope C. The negative sign on the SC13 term below results from the fact that samples having less affinity for C'3 than the belemnite (hence, negative SC13) should have their C14 activities increased in order to compensate for the C" lost because of fractionation. Pompeii, Italy 8±5 -21.1 1±5
Carbonized bread that was charred during the volcanic ash fall that buried the city (40° 45' N Lat, 14° 29' E Long) 
L447B.
Pyramid Lake, Nevada -59±7 -22.3 -68±7
Chubs living in the lake (40° 00' N Lat, 
